initially inferred to be a corepressor from the observation that a LexA-Sin3 fusion protein can repress transcription Department of Biological Chemistry and Molecular Pharmacology when brought to a heterologous promoter (Wang and Stillman, 1993) . Furthermore, a Sin3-related protein from Harvard Medical School Boston, Massachusetts 02115 mouse functions as a corepressor for repression by Mad and Mxi1, proteins that bind DNA as heterodimers with Max (Ayer et al., 1995; Schreiber-Agus et al., 1995) . However, yeast DNA-binding proteins that specifically reSummary quire Sin3 and Rpd3 for repression have yet to be identified.
Introduction pendent upon Sin3 and Rpd3. We show that a short region of Ume6 is sufficient to recruit the Sin3 corepresUnderstanding of the relationship between chromatin sor to promoters, that Sin3 and Rpd3 are physically structure and gene expression in eukaryotic organisms associated, that Rpd3 is specifically required for represhas been dramatically enhanced by the identification of sion by the Sin3 corepressor, and that artificial targeting nucleosome-modifying activities such as the Swi/Snf of Rpd3 to promoters inhibits transcription. These oband related complexes (Peterson, 1996) , histone aceservations strongly suggest that repression by Ume6 tylases Gcn5 (Brownell et al., 1996) , P/CAF (Yang et occurs by targeted histone deacetylation. al., 1996b), p300/CBP (Bannister and Kouzarides, 1996; Ogryzko et al., 1996) , TAF130/250 (Mizzen et al., 1996) , and Rpd3 histone deacetylase (Taunton et al., 1996) . Results Yeast cells that lack Swi/Snf, Gcn5, or Rpd3 are viable but have selective effects on gene expression. An attrac-URS1 Elements Are Sufficient to Direct tive hypothesis is that such selective transcriptional efSin3-and Rpd3-Dependent Repression fects are due to the targeting of chromatin-modifying IME2, a key meiosis regulator, and INO1, a gene involved activities to specific promoters. However, it is also posin phospholipid biosynthesis, are negatively regulated sible that these nucleosome-modifying activities have by Sin3 (Bowdish and Mitchell, 1993 ; Slekar and Henry, untargeted, genome-wide effects that selectively affect 1995), and their promoter regions both contain URS1, a limited set of promoters with particular configurations a GC-rich upstream repression sequence found at a of promoter elements (location and quality) and inherent number of yeast promoters. To determine whether URS1 chromatin structures (nucleosome positioning, stability, is sufficient to direct repression in a Sin3-and Rpd3-or density). dependent manner, we inserted fragments containing In this paper, we define a novel form of transcriptional URS1 elements from the INO1 and IME2 promoters uprepression that involves the yeast Sin3 and Rpd3 prostream of the intact CYC1 promoter and LacZ structural teins. Sin3 and Rpd3 negatively regulate a diverse set gene, and analyzed transcription in wild-type, sin3, and of genes including those involved in meiosis, cell-type rpd3 strains ( Figure 1A ). In both cases, the URS1 fragspecificity, potassium transport, phosphate metaboments direct significant levels of repression (9-to 13-lism, methionine biosynthesis, and phospholipid metabfold) in a wild-type strain, whereas repression is nearly olism (Vidal and Gaber, 1991; McKenzie et al., 1993;  abolished in a sin3 deletion strain and is significantly Jackson and Lopes, 1996; Stillman et al., 1994) . Sin3 was reduced in a rpd3 deletion strain. Thus, URS1 elements are sufficient to direct Sin3-and Rpd3-dependent repression from a heterologous promoter.
*To whom correspondence should be addressed. function as a meiosis-specific transcriptional activator. These results suggest that recruitment of Ume6 to the promoter is sufficient to direct repression in a Sin3-and Rpd3-dependent manner. repression. Thus, an 87-amino acid region (residues The above results indicate that a URS1-binding pro-508-594) is necessary and sufficient to mediate the retein(s) can repress transcription in a manner dependent pression function of Ume6; hence, it defines a minimal on Sin3 and Rpd3. Ume6 was a good candidate for repression domain. This minimal repression domain such a DNA-binding protein, because it is required for shows no significant similarity to the repression domain repression via URS1 in the IME2, CAR1, and INO1 proof Mad. As expected, repression mediated by the minimoters (Park et al., 1992; Bowdish and Mitchell, 1993;  mal Ume6 domain is nearly abolished in a sin3 deletion Jackson and Lopes, 1996) , and it binds the URS1 site strain and is significantly reduced in an rpd3 deletion in the promoter of SPO13, another gene subject to Sin3 strain ( Figure 1B ), even though the protein is stably excontrol (Strich et al., 1994) . In accord with these results, pressed in these strains (data not shown). Thus, Sin3 repression directed by the isolated URS1 elements is and Rpd3 histone deacetylase are required for the funccompletely abolished in a ume6 deletion strain (Fig- tion of the Ume6 repression domain. ure 1A).
A Short Domain of Ume6 That Mediates
We therefore tested whether a LexA-Ume6 fusion protein could repress transcription when artificially re-
Interaction between Sin3 and Ume6
The functional relationship between Ume6 and Sin3 sugcruited to a heterologous promoter ( Figure 1B ). Indeed, LexA-Ume6 represses transcription by a factor of 6, and gested that these proteins might interact with one another. In support of this hypothesis, we detect a this repression is nearly abolished in a sin3 deletion strain and is significantly reduced in an rpd3 deletion two-hybrid interaction between Sin3-VP16 and either LexA-Ume6 or (more strongly) LexA-Ume6 508-594 (minibackground. Although LexA-Ume6 can function as a transcriptional activator in cells undergoing meiosis mal repression domain) (Figure 2 4-fold in an rpd3 deletion strain. The most likely explanastrongly with GST-Ume6 508-594 , but not with the GST control. Thus, the Ume6 repression domain interacts with tion for this effect is that Sin3-VP16 carries both repression and activation functions and that loss of Rpd3
Sin3 in vivo and in vitro, strongly suggesting that repression by Ume6 requires recruitment of the Sin3 corealleviates the Sin3 transcriptional repression function (see below). However, we can not exclude the possibility pressor. that Rpd3 might partially interfere with the interaction between Ume6 and Sin3. By either explanation, Rpd3
Physical Association of Sin3 and Rpd3 is not required for the association of Ume6 and Sin3.
The functional relationship between Sin3 and Rpd3 as Biochemical confirmation of the Ume6-Sin3 twowell as the effect of Rpd3 on the Ume6-Sin3 two-hybrid hybrid interaction was obtained by affinity chromatograinteraction suggested that Sin3 and Rpd3 might be phy ( Figure 3A) . Cell-free extracts from strains expressphysically associated. To test this hypothesis, we preing an epitope (HA-1)-tagged derivative of Sin3 were pared cell-free extracts from a strain expressing Sin3-incubated with beads coupled to glutathione S-trans-HA. Using antibodies to the HA-1 epitope, Rpd3 coimferase (GST) or GST-Ume6 508-594 . Sin3-HA associates munoprecipitates with the tagged Sin3 derivative under stringent conditions (500 mM potassium acetate, 1% NP-40) for protein-protein interactions ( Figure 3B ). This association is specific; components of Pol II holoenzyme (Srb5) and TFIID (TAF130) are not coprecipitated with Sin3, even under less stringent conditions, and Rpd3 is not precipitated from comparable extracts made from a strain expressing nontagged Sin3. As an independent line of evidence, Sin3 and Rpd3 interact strongly in a two-hybrid assay (Figure 2 ). Taken together, these results indicate that Sin3 and Rpd3 are physically associated in a complex that is distinct from large complexes that comprise the basic Pol II transcription machinery. 
Repression by Sin3
Western blotting using the HA antibody. Lane 4 is a control extract
In accord with the view that Sin3 is a corepressor that from a sin3 deletion strain. The band corresponding to HA-Sin3 is is recruited to promoters by Ume6, artificial recruitment In a wild-type strain (top), Ume6 binds to URS1 and recruits a comresents the ratio of ␤-galactosidase activities in strains containing plex containing Sin3 and Rpd3 histone deacetylase to the promoter. plasmids that either lack (shaded bars) or contain (open bars) 4
As a consequence, nucleosomes (dark gray ovals) in the vicinity of LexA operators upstream of the CYC1 promoter.
the promoter have deacetylated histone tails (wavy line), which leads to an "inactive" chromatin structure (depicted as nucleosomes close together) and inhibition of transcription (lack of arrow). In a strain lacking Ume6, URS1 is unoccupied and nucleosomes have ace- Tzamarias and Struhl, 1994) and by Acr1, an ATF/CREB tylated histone tails (Ac), which leads to an "active" chromatin struc-
repressor (Nehlin et al., 1992; Vincent and Struhl, 1992) . sion by LexA-Cyc8 is nearly abolished (data not shown). Finally, LexA-Sin3 differs from LexA-Cyc8 in that repression is unaffected by Srb10 kinase, a component of promoters. This requirement for Sin3 and Rpd3 is spethe Pol II holoenzyme (data not shown). Thus, Rpd3 is cific to repression by Ume6; these proteins are not rerequired for repression by Sin3, but not for repression quired for repression by Acr1 or Tup1 in the same experiby Cyc8-Tup1 or Acr1. mental context. Moreover, a short region of Ume6 is sufficient for repression of a heterologous promoter and for a two-hybrid and physical interaction with Sin3. In Artificial Recruitment of Rpd3 Histone fact, fusion of the VP16 activation domain to Sin3 conDeacetylase Represses Transcription verts Ume6 from a repressor into an activator. These The observations that Rpd3 is required for Sin3-depenresults strongly suggest that Ume6 represses transcripdent repression and that Rpd3 and Sin3 are physically tion by recruiting the Sin3 corepressor to native yeast associated suggested that tethering Rpd3 to a heterolopromoters. Although recruitment of Sin3 by Ume6 does gous promoter might inhibit transcription. Because not require Rpd3, our experiments do not establish LexA fusions to the N-terminus of Rpd3 interfered with whether the interaction between Ume6 and Sin3 is direct Rpd3 function (assayed by complementation), we fused or involves another protein(s). LexA to the C-terminus. LexA-Rpd3 represses transcription by a factor of 4, and this repression also occurs Evidence That Ume6-Dependent Repression Is in a sin3 deletion strain, albeit with somewhat reduced Mediated by Targeted Histone Deacetylation efficiency (Figure 4 ). This observation suggests that Sin3
Our results strongly support a model in which Ume6, is not absolutely required for repression by Rpd3. The bound at URS1, recruits a Sin3-Rpd3 corepressor comapparent minor role of Sin3 might reflect an inherent plex that mediates transcriptional repression through repression function and/or an effect on the activity of Rpd3 histone deacetylase ( Figure 5) (Wilson et al., 1996) ; such activities might contribute to the general correlation between an absence of Sin3, although with reduced efficiency. Fourth, Rpd3 is specifically required for Ume6-and Sin3-active chromatin structure and gene transcription. The p300/CBP histone acetylase interacts with a wide varidependent repression; Rpd3 does not affect repression by Tup1 or Acr1 even under comparable experimental ety of DNA-binding proteins (Janknecht and Hunter, 1996) ; hence it, and the associated histone acetylase conditions. This last observation strongly argues that Rpd3 does not mediate repression except under circump/CAF (Yang et al., 1996b) , may be recruited to a subset of promoters. However, the promoter specificity of stances where it is targeted to promoters via its association with Sin3, which in turn is recruited by Ume6. p300/CBP function remains to be clarified, particularly in light of evidence that p300/CBP may be associated Taken Wolffe and Pruss, 1996) . Thus, the simplest repression 1997), provide strong evidence that Sin3-Rpd3 is an evolutionarily conserved corepressor complex that remechanism that can be inferred is that targeting of Rpd3 to specific promoters results in local histone deacetylapresses transcription of specific genes by targeting a chromatin-modifying activity to promoters. tion, thereby directly causing a repressive chromatin structure in the vicinity of the promoter. Such locally
Experimental Procedures
repressed chromatin could inhibit the accessibility of activators, TFIID, or Pol II holoenzyme to promoters and/
Strains and DNAs
or block the communication between these components All yeast strains were derived from FT5 (␣ ura3-52 trp1-⌬63 his3-of the transcription machinery. However, we can not ⌬200 leu2::PET56) (Tzamarias and Struhl, 1994) . The ⌬sin3::HIS3 exclude models in which Rpd3-dependent deacetylaallele lacks Sin3 residues 498-1204, the ⌬rpd3::HIS3 allele lacks tion is a signal for interaction with nonnucleosomal re-1 ml buffer A, three times with 1 ml buffer A (0.5 M KAc), and once Laherty, C., Yang, W.-M., Sun, J.-M., Davie, J.R., Seto, E., and Eisenman, R.N. (1997) . Histone deacetylases associated with the mSin3 again with 1 ml buffer A (high stringency). Finally, the beads were resuspended in Laemmli buffer and boiled to prepare samples for corepressor mediate Mad-Max transcriptional repression. Cell, this issue. Western analysis. Immunoblots were probed with rabbit polyclonal antibodies to RPD3 (1:2000), SRB5 (1:1000), and TAF130 (1:1500)
McKenzie, E.A., Kent, N.A., Dowell, S.J., Moreno, F., Bird, L.E., and and secondary AP-or HRP-conjugated anti-rabbit IgG. Mellor, J. (1993) . The centromere and promoter factor 1, CPF1, of Affinity chromatography experiments were performed using glutaSaccharomyces cerevisiae modulates gene activity through a family thione beads coupled to GST-Ume6(508-594) or GST only. Extract of factors including SPT21, RPD1 (SIN3), RPD3 and CCR4. Mol. (140 g) from a strain expressing HA-1-tagged Sin3 was incubated Gen. Genet. 240, 374-386. with the beads overnight at 4ЊC and washed in buffer A (containing Mizzen, C.A., Yang, X.-Y., Kokubo, T., Brownell, J.E., Bannister, A.J., 25 mM potassium acetate and lacking NP-40). Samples were proOwen-Hughes, T., Workman, J., Wang, L., Berger, S.L., Kouzarides, cessed as described above except that immunoblots were probed T., Nakatani, Y., and Allis, C.D. (1996) . The TAFII250 subunit of TFIID with mouse antibody to HA-1 (1:20) followed by incubation with a has histone acetyltransferase activity. Cell 87, 1261-1270. biotinylated anti-mouse secondary antibody and streptavidin-conjugated HRP.
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